pulmonary circulation to regional differences in alveolar oxygen tension. Local vasoconstriction in response to alveolar hypoxia leads to redirection of blood flow to areas of the lung with higher oxygen tension. As a result, matching of ventilation and perfusion is preserved (44) . However, when HPV is persistent, it initiates a cascade of cellular events that leads to vascular remodeling. The end result is fixed pulmonary hypertension (21, 47) .
Basal vascular tone and HPV are regulated by a balance of vasodilators such as nitric oxide (NO) and PGI 2 and vasoconstrictors such as endothelin-1 (ET-1). Contractile responses to these mediators are dependent on intracellular signaling cascades. One important signaling pathway is PKC (29, 35, 38) . Cell-permeant PKC activators (phorbol esters) stimulate contraction and potentiate HPV (29) . Various PKC inhibitors have been shown to decrease HPV in rats, rabbits, and dogs (2, 29, 45) . PKC is also important in other early responses to hypoxia including cell proliferation (12, 13) .
The PKC family includes at least 11 related intracellular kinases that are classified into four groups and share varying degrees of homology (14, 28) . Studies that rely on broad PKC inhibitors have been complicated by the recent observation that individual isozymes of PKC may contribute to competing responses (6) . Concerns have also been raised about the specificity of PKC inhibitors (10) . Therefore, the role of individual isozymes of PKC in the control of pulmonary vascular reactivity has remained unclear. However, selected isozymes of PKC have been implicated in other pulmonary vascular cell responses (14) . PKC-␣, -␤, and -are thought to be important in proliferation, PKC-␤ has been implicated in permeability, and PKC-␦ plays a key role in apoptosis (7, 25, 27, 34, 46) . In the systemic circulation, PKC-⑀ has been implicated in contraction, although this remains controversial (19, 41) . Activation of PKC-⑀ also protects rodent myocardium from ischemic or hypoxic injury (6, 15) . Cellpermeant inhibitors of PKC-⑀ have not been available in sufficient quantities for use in perfused lung preparations. Thus the role of PKC-⑀ in the intact pulmonary circulation has remained unclear.
Recently, a mouse model with a body-wide deletion of PKC-⑀ has been characterized (18) . The pulmonary vascular phenotype of these mice remains unknown. Organ-specific targeting for the study of a complex response like HPV and of an intracellular kinase like PKC-⑀ is not possible in the lung because of heterogeneity in cell populations important in pulmonary vascular reactivity. Thus studies of the pulmonary circulation require a whole body deletion of the PKC-⑀ gene. These knockout (null, Ϫ/Ϫ) mice therefore provide a novel in vivo approach for investigating the role of a specific PKC isozyme in the regulation of pulmonary vascular reactivity.
We took a knockout mouse approach to test the hypothesis that PKC-⑀ is an important determinant of the magnitude of acute HPV. An isolated, salt solutionperfused mouse lung preparation was used to test for differences in reactivity between PKC-⑀ ϩ/ϩ and Ϫ/Ϫ mice. The HPV response of PKC-⑀-null mice was blunted compared with ϩ/ϩ controls, whereas ANG II and KCl responses were preserved. To begin to explore the mechanism for the blunted HPV response in PKC-⑀-null mice, we tested whether derangements in either nitric oxide synthase (NOS) or K ϩ channel activity were involved. These experiments pointed to a key role for voltage-gated K ϩ (K V ) channels. Expression of one potentially relevant O 2 -sensitive K V channel (Kv3.1b) was investigated in whole lung and isolated pulmonary artery (PA) smooth muscle cells (SMC). We found that increased expression of Kv3.1b in PASMC may contribute to decreased HPV in PKC-⑀ Ϫ/Ϫ mice.
MATERIALS AND METHODS

Materials
Anti-PKC isozyme antibodies and corresponding blocking peptides were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PKC-␥ isozyme antibody was purchased from BD Transduction Laboratories (San Diego, CA). Anti-Kv3.1b K ϩ channel antibody was purchased from Alomone Labs (Jerusalem, Israel). Protease inhibitor cocktail, ANG II, KCl, nitro-L-arginine (L-NNA), charybdotoxin (ChTX), apamin, 4-aminopyridine (4-AP), and DMEM-F-12 cell culture medium were purchased from Sigma (St. Louis, MO).
Animals
Adult female C57BL6ϫSV129 PKC-⑀ wild-type (ϩ/ϩ), heterozygote (ϩ/Ϫ), and knockout (null, Ϫ/Ϫ) mice were generated by homologous recombination as previously described (18, 22) . Southern blot analysis was used for genotyping the resulting animals (22) . F 2 hybrid mice were generated at the Gallo Clinic and Research Center (Emeryville, CA; sea level altitude), sent to Denver altitude (5,280 ft) at 11-13 wk of age, and used for all studies. They were allowed to acclimate to Denver altitude for 10-12 additional weeks before study. The animal protocols used were approved by the University of Colorado Health Sciences Center Institutional Animal Care and Use Committee.
Measurement of Baseline Hemodynamics
Mice were anesthetized by intramuscular injection with ketamine-Rompun (100 mg/kg and 15 mg/kg; Fort Dodge and Miles Laboratories, respectively). Closed-chest measurements of right ventricular (RV) systolic pressure (RVSP) were then performed on three spontaneously breathing PKC-⑀ ϩ/ϩ and Ϫ/Ϫ mice as previously described (16) . After calibration of the pressure transducer (Statham), RV pressures were measured and recorded (Lockheed data recorder).
Comparison of Baseline Lung and Heart Histology
After baseline hemodynamic measurements, the chest was opened and 100 U of heparin was injected into the RV. The pulmonary circulation was gently perfused with PBS to remove blood. The left bronchus was ligated, and the left lung was then removed and quick-frozen in liquid nitrogen (LN). A slit was made in the trachea, and a 16-gauge tubing adapter was inserted and tied in place. A syringe filled with 1% warm agarose (GIBCO, Grand Island, NY) and 1% paraformaldehyde (Sigma) in PBS was attached to the adapter, and the right lung was slowly inflated. The trachea was tied off, and the lung was removed and placed in cold 2% paraformaldehyde-PBS for 2 h. Tissues were then cut, placed in cassettes in 10% buffered formalin (VWR, West Chester, PA), and embedded in paraffin. Trichrome and hematoxylin and eosin staining was performed on lung and heart sections from ϩ/ϩ and Ϫ/Ϫ mice to screen for any baseline differences in lung or heart structure.
PKC Isozyme Expression in Mouse Whole Lung Homogenates
Lung tissue was removed from the thorax, quick-frozen in LN, and then stored at Ϫ80°C. Frozen lung tissue was weighed and homogenized on ice (PowerGen 700, Pittsburgh, PA) in 5 vols of homogenization buffer (20 mM Tris pH 7.5 containing 0.25 M sucrose, 3 mM EDTA, 3 mM EGTA, 1 mM benzamidine, 0.1% Triton X-100, and a protease inhibitor cocktail including 1.04 mM AEBSF, 0.8 M aprotinin, 21 M leupeptin, 15 M pepstatin A, 36 M bestatin, and 14 M E-64). The homogenates were centrifuged at 1,500 relative centrifugal force for 20 min at 4°C (Sorvall Super T21 centrifuge, Newtown, CT). Supernatant aliquots were immediately frozen in LN and stored at Ϫ80°C. Protein concentrations were determined by micro-Bradford assay as previously described (11) . Seventy-five micrograms of whole lung homogenate was loaded per lane of a 10% reduced SDSpolyacrylamide gel and then transferred to a nitrocellulose membrane as previously described (12) . Prestained highmolecular weight (MW) protein markers (Bio-Rad, Hercules, CA) were also loaded into the first lane of each gel. After a 1-h incubation at room temperature (RT) in 5% dry milk-PBS-0.05% Tween 20 to block nonspecific binding, the nitrocellulose was probed with a 1:1,000 dilution of primary PKC isozyme-specific antisera in 5% milk-PBS-0.05% Tween 20 overnight at 4°C. The nitrocellulose was then washed twice for 7 min with PBS-0.05% Tween 20. To detect bound primary antibody, blots were incubated for 1 h at RT with horseradish peroxidase-conjugated goat anti-rabbit IgG at a dilution of 1:5,000 in 5% milk-PBS-0.05% Tween 20. The nitrocellulose was washed again with PBS-0.05% Tween 20 three times for 5 min and then with PBS once for 5 min. Blots were developed with Kodak Biomax Light Film (Eastman Kodak, Rochester, NY) and an enhanced chemiluminescence detection kit (NEN, Boston, MA). Determination of MW for each isozyme detected was made by comparison with known MW markers. Band intensity was quantified with NIH Image Software (National Institutes of Health, Bethesda, MD). To confirm the specificity of binding between primary antibody and immunoreactive protein, Western blots were routinely performed in the presence and absence of isozyme-specific immunizing peptide. Isozyme-specific antisera were preincubated with the respective peptide antigen (1:10) used for immunization for 2 h at RT or overnight at 4°C and then diluted to the working concentration as described above. When no signal was detectable, a known positive control was used to verify antibody activity and specificity.
Modified Salt Solution-Perfused Mouse Lung Preparations
An intact-chest modified salt solution-perfused lung preparation was used as previously described (16) to determine the effect of PKC-⑀ deletion on acute pulmonary vascular reactivity to hypoxia. After mice were adequately anesthetized, the trachea was intubated and lungs were ventilated with a mixture of 21% O 2-5% CO2-74% N2 (balance) at 60 breaths/min, a maximum inspiratory pressure of 9 cmH2O, and an expiratory pressure of 2.5 cmH 2O. After placement of cannulas into the main PA and similar placement of a catheter in the left ventricle, the lung was perfused by a peristaltic pump at a constant flow of 0.04 ml ⅐ g body wt Ϫ1 ⅐ min Ϫ1 . The perfusate was a physiological salt solution (16) 
Isolated, Perfused Lung Protocols
Comparison of HPV. After a baseline perfusion pressure was established, the lung was ventilated with three challenges of severe hypoxia (0% O 2) for 5 min followed by 5 min of normoxic ventilation. To detect subtle differences in HPV the lungs were then ventilated once with a submaximal dose of hypoxia (3% O 2) for 5 min. The absolute magnitude of each of the three acute hypoxic vasoconstrictor responses were averaged and compared between ϩ/ϩ and Ϫ/Ϫ mice. This HPV technique was applied to all lungs before specific pharmacological protocols. Mice of different genotypes were studied serially in each experimental protocol.
Comparison of vasoconstriction in response to ANG II and KCl. After measurement of the hypoxic responses, the lungs of ϩ/ϩ and Ϫ/Ϫ mice were ventilated with 21% O 2 and 0.2 g of ANG II was added to the perfusate. After the ANG II pressor response was measured, increasing concentrations of KCl were added stepwise to the perfusate (20-80 mM). Ventilation was maintained at 21% O 2 throughout the KCl additions (3) . To test the effect of gene dosing on HPV, ANG II, and KCl responses, PKC-⑀ ϩ/Ϫ mice were also studied.
Contribution of NO and K Ca channel activation to differences in HPV.
The nonselective NOS inhibitor L-NNA was added at a concentration of 100 M to the perfusate of ϩ/ϩ and Ϫ/Ϫ lungs and circulated for 10 min after initial evaluation of HPV (16) . After L-NNA lungs were ventilated with 0% O2. To test whether the blunted HPV in Ϫ/Ϫ lungs was due to increased K Ca channel expression/activity, 50 nM ChTX and 50 nM apamin were added simultaneously to block big-and small-conductance K Ca channels (3). The KCa channel blockers were circulated for 10 min, and the maximal (0% O2) challenge was repeated.
Contribution of K V rectifying channel activation to differences in HPV.
To determine whether the blunted HPV in Ϫ/Ϫ lungs was due to K V channel activity, the selective blocker 4-AP was added at concentrations of 0.1 and 1.0 mM after the initial evaluation of HPV (17). 4-AP was circulated in the perfusate for 10 min after each addition, and a maximal (0% O 2) challenge was performed.
Kv3.1b Protein Expression in ϩ/ϩ and Ϫ/Ϫ Whole Lung Homogenates
To measure expression of the KV channel Kv3.1b, frozen lung tissue was homogenized in 0.3 ml of homogenization buffer containing 10% glycerol, 20 mM Tris ⅐ HCl pH 7.5, 150 mM NaCl, 0.5 M NaF, 0.02 M Na pyrophosphate, 100 M Na orthovanadate, 0.5% Triton X-100, 1.0% NP-40, and the protease inhibitor cocktail. Homogenates were centrifuged at 10,000 rcf for 10 min at 4°C (Savant SpeedFuge, Holbrook, NY) and stored as noted above. Eighty micrograms of whole lung homogenate were loaded per lane of an 8% reduced SDS-polyacrylamide gel and run at 100 V. After a 1-h incubation at RT in 10% dry nonfat milk-1% protease-free BSATris-buffered saline (TBS)-0.05% Tween 20 to block nonspecific binding, the nitrocellulose was probed with a 1:200 dilution of primary Kv3.1b-specific antisera overnight at 4°C. The nitrocellulose was washed three times for 5 min with TBS-0.05% Tween 20. To detect bound primary antibody, blots were processed as described for PKC isozyme expression. Determination of MW was made by comparison with known MW markers and the anticipated MWs of the glycosylated (100 kDa) and core (70 kDa) forms of the Kv3.1b protein (8, 31) . To confirm the specificity of binding between primary antibody and immunoreactive protein, Western blots were also performed in the presence of excess immunizing peptide. Mouse brain extract was used as a positive control for the 100-kDa form of the Kv3.1b peptide; the sample also yielded a faint 70-kDa signal. Antiserum was preincubated with the peptide antigen (1 g:2 g ratio) and diluted to the concentration described above.
Kv3.1b Protein Expression in ϩ/ϩ and Ϫ/Ϫ Mouse PASMC Lysates
Heart and lung tissue blocks were removed from the thorax of ϩ/ϩ and Ϫ/Ϫ mice and placed in MEM containing 200 U/ml penicillin and 0.2 mg/ml streptomycin (Sigma). The main PA was dissected away and placed in fresh MEM. After incubation in 100 l of 10ϫ trypsin, small pieces of PA were placed in digest medium (HBSS containing elastase, collagenase, albumin, and soybean trypsin inhibitor) and incubated on a rotator plate for 90 min at 37°C. The resulting solution was passed thru a 100-m cell strainer, rinsed with 10% FBS and DMEM-F-12 medium, and centrifuged. The pelleted cells were resuspended in 10% FBS and DMEM-F-12 and pipetted into 2 wells of a 48-well plate. Digested cells were maintained in 10% FBS-DMEM-F-12 medium and incubated at 37°C. Medium was supplemented every other day for the first 7 days and then replaced twice a week thereafter. Cells were characterized by staining for ␣-smooth muscle (SM)-specific actin and SM-specific myosin. To harvest PASMC lysates, 435 ϫ 10 3 cells from ϩ/ϩ and Ϫ/Ϫ mice were plated in P-100 dishes and grown to confluence. The cells were exposed for 2 days to fresh DMEM-F-12 containing 0.1% FBS to induce a quiescent state. Cells were then harvested with 200 l of cell lysis buffer (20 mM Tris, pH 7.5, containing 0.25 M sucrose, 3 mM EDTA, 3 mM EGTA, 50 mM mercaptoethanol, 50 g/ml leupeptin, 50 g/ml aprotinin, 1 mM PMSF, and 0.1% Triton X-100) per plate on ice. Resulting lysates were centri-fuged, and the supernatant was carefully transferred to new tubes and stored at Ϫ80°C.
Fifteen micrograms of ϩ/ϩ and Ϫ/Ϫ SMC lysate were loaded per lane of a 10% reduced SDS-polyacrylamide gel and run at 100 V for 90 min. The blot was then transferred to a nitrocellulose membrane overnight at 4°C. After a 1-h incubation at RT in 5% dry milk-TBS-0.05% Tween 20 to block nonspecific binding, the nitrocellulose was probed with a 1:200 dilution of primary Kv3.1b-specific antisera in 5% milk-TBS-0.05% Tween 20 overnight at 4°C. The nitrocellulose was washed three times for 15 min with TBS-0.05% Tween 20. The blots were processed as described above to detect the bound primary antibody.
Data Analysis
Routine review of lung and heart histology, initial measurement of baseline RVSP, and detection of PKC isozyme expression was performed on n ϭ 3 mice per genotype. Otherwise, n ϭ 3-6 individual mice per genotype were used for each experimental condition. Mechanistic studies were limited to ϩ/ϩ and Ϫ/Ϫ mice. After each perfused lung study, tissue was saved to reconfirm the original genotype data. One-and two-way ANOVA, followed by the Student-Newman-Keuls multiple-comparison test were used for individual comparisons within and between groups of data points. Significance was defined as P Ͻ 0.05.
RESULTS
Initial Characterization of PKC-⑀ Mice
Baseline lung and heart structure was examined before the vascular reactivity studies were undertaken. Review of trichrome-and hematoxylin and eosin-stained tissue from ϩ/ϩ and Ϫ/Ϫ mice (n ϭ 3/group) showed no differences in the lung or heart structure. Figure 1 shows representative trichrome stains of proximal and distal vessels and adjacent lung parenchyma from ϩ/ϩ and Fig. 1 . Normal lung histology in adult PKC-⑀ wild-type and null mice. Trichrome staining was performed on formalin-fixed paraffin-embedded lung sections from ϩ/ϩ and Ϫ/Ϫ mice to screen for any differences in lung structure (n ϭ 3 mice/genotype). Representative proximal and distal (see arrows) vessels shown.
Ϫ/Ϫ mice. RVSP values were also initially measured in a subgroup of ϩ/ϩ and Ϫ/Ϫ mice before the vascular reactivity studies were undertaken (n ϭ 3/group). No difference was seen in baseline RVSP values in the two groups (ϩ/ϩ mice, 25.8 Ϯ 1.5 mmHg; Ϫ/Ϫ mice, 26.1 Ϯ 1.6 mmHg).
PKC Isozyme Expression in PKC-⑀ Mice
PKC-⑀ peptide was detected in ϩ/ϩ mouse lungs as a doublet at 84 kDa. The absence of PKC-⑀ was also confirmed in PKC-⑀-null mice. Because adaptive changes in the expression of other PKC isozymes may occur when one isoform is deleted (36, 43) , expression levels of other PKC isozymes were measured in lung lysates from ϩ/ϩ and Ϫ/Ϫ mice (Fig. 2) . The same blot was stripped and reprobed for each PKC isozyme. No significant differences were seen in the expression of other isozymes detected (␣, ␤ I , ␤ II , ␥, ␦, , , , ) in the lungs of ϩ/ϩ and Ϫ/Ϫ mice (n ϭ 3; representative data shown). In addition to those isozymes shown, PKCwas detected in ϩ/ϩ and Ϫ/Ϫ mouse lung lysates and no significant differences were noted (data not shown). PKC-␥ expression was not detected in ϩ/ϩ and Ϫ/Ϫ mouse lung lysates; antibody activity was verified with a positive control (mouse brain extract).
Comparison of HPV in PKC-⑀ Mice
To evaluate the effect of the targeted deletion of PKC-⑀ on acute HPV, we compared the magnitudes of the hypoxic pressor responses in ϩ/ϩ and Ϫ/Ϫ mice in response to three maximal and one submaximal hypoxic challenges (0% and 3% O 2 , respectively). Figure 3 illustrates representative examples of pressure tracings from isolated perfused ϩ/ϩ and Ϫ/Ϫ lungs showing a blunting of HPV in the Ϫ/Ϫ mice. The magnitudes of the three challenges were averaged together for several additional mice and compared. The Ϫ/Ϫ mice had a significantly blunted response compared with the ϩ/ϩ mice (Fig. 4) . In response to the submaximal hypoxic challenge, the PKC-⑀ Ϫ/Ϫ mice again had significantly reduced HPV compared with their ϩ/ϩ counterparts.
Comparison of ANG II and KCl Responses in PKC-⑀ Wild-Type and Null Mice
To determine whether the blunted responses to HPV could be attributed to a general decrease in vasoreactivity, we measured the contractile response induced by ANG II and increasing concentrations of KCl (Table  1) . In contrast to the blunting of reactivity to acute hypoxia observed in the absence of PKC-⑀, no significant difference in responsiveness to ANG II was found. KCl was then incrementally increased in the perfusate to a final concentration of 80 mM. The cumulative Fig. 3 . Representative pulmonary arterial pressure tracings from isolated, salt solution-perfused lungs from a PKC-⑀ wild-type mouse (A) and a null mouse (B). Three maximal hypoxic (0% O2) challenges followed by one submaximal hypoxic (3% O2) challenge were performed. HPV was blunted in PKC-⑀-null compared with ϩ/ϩ mice. A 20-min period of equilibration was established before vascular responses were measured. HPV was expressed as ⌬mmHg above baseline. Fig. 2 . Expression of PKC isozymes in lungs from PKC-⑀ wild-type and null mice. Western blot analysis was completed on whole lung homogenates from PKC-⑀ ϩ/ϩ and Ϫ/Ϫ mice. Lysates were subjected to SDS-PAGE and immunoblot analysis with PKC isozyme-specific antibodies (n ϭ 3 mice/genotype; blots done in duplicate, representative blots shown).
effects of the increasing KCl concentration on the perfusion pressure were similar for each genotype. These observations suggested that the blunted HPV in the Ϫ/Ϫ mice could not be attributed to a generalized decrease in vasoreactivity.
Effect of PKC-⑀ Gene Dosing on HPV
To assess the effect of PKC-⑀ gene dosing on the blunting of HPV, PKC-⑀ heterozygote (ϩ/Ϫ) mice were evaluated. The relative amount of PKC-⑀ protein expressed in lungs from these mice was first determined and found to be 66.0% of ϩ/ϩ levels (n ϭ 3 mice). The reduced level of PKC-⑀ peptide expression was associated with an intermediate response to both maximal (1.4 Ϯ 0.2 ⌬mmHg; n ϭ 3) and submaximal (0.5 Ϯ 0.2 ⌬mmHg; n ϭ 3) hypoxia. Responses to ANG II and KCl, like those in null mice, were preserved (ANG II, 1.3 Ϯ 0.3 ⌬mmHg; KCl, 15.4 Ϯ 5.1 ⌬mmHg).
Impact of NOS and K Ca Channel Inhibition on Genotype-Specific Differences in HPV
We questioned whether inhibition of NOS activity would restore the HPV in lungs from PKC-⑀-null mice.
Nonselective inhibition of NOS isoforms by L-NNA increased the HPV response in ϩ/ϩ lungs, as others have observed (3), but did not reverse the attenuated HPV in Ϫ/Ϫ mice (Fig. 5) . K Ca channel activation has been implicated in the blunted HPV response observed in a rat model of hepatopulmonary syndrome (3). As seen in Table 1, extracellular K ϩ normalized the cumulative pressor response of ϩ/ϩ and Ϫ/Ϫ lungs, suggesting involvement of K ϩ channels in the differential response. Therefore, to evaluate the role of K Ca channel activation in the blunted HPV of the Ϫ/Ϫ mice, large-and smallconductance K Ca channels were inhibited with ChTX and apamin. These agents were added after meclofenamate and L-NNA. The addition of these K Ca channel blockers did not restore the HPV responses of the Ϫ/Ϫ mice (Fig. 5) .
Impact of K V Channel Inhibition on Genotype-Specific Differences in HPV
Delayed-rectifying K V channels are thought to be important in the HPV response (17). 4-AP is an inhibitor of K V channels and causes hypoxia-independent vasoconstriction. Therefore, we added two concentrations of 4-AP to the perfusate and allowed it to circulate for 10 min after each addition to inhibit K V channels. Figure 6 shows that the addition of this K V channel blocker causes significant potentiation of responses in Ϫ/Ϫ mice compared with ϩ/ϩ controls at 0.1 and 1.0 mM concentrations. This pharmacological maneuver also markedly enhanced the subsequent response of the Ϫ/Ϫ mice to 0% O 2 . The post-4-AP response of the Ϫ/Ϫ mice was increased to a level above that observed with ϩ/ϩ controls.
Differential Expression of O 2 -Sensitive Kv3.1b Channel in PKC-⑀ Mice
The studies with 4-AP suggested a key role for K V channels in the blunted HPV of the PKC-⑀-null mouse. Specifically, the potentiation of HPV observed after Values are means Ϯ SE; n ϭ 3-7 mice in each group. *A 0.2-g dose of ANG II was added to the perfusate after the initial measurement of HPV. †After measurement of response to ANG II, a dose response to increasing concentrations of KCl (20, 40, 60 , and 80 mM) was elicited under normoxic conditions. All mice achieved the 80 mM dose, and the cumulative rise in pulmonary artery pressure is reported. No significant differences in responses detected. 4 -AP treatment suggested that one or more K V channels may be upregulated in PKC-⑀-null mice. We focused on Kv3.1b because 1) it is O 2 sensitive and thought to be important in HPV (30, 48) ; 2) it is expressed in the bovine pulmonary vasculature (8); and 3) it is susceptible to inhibition by low concentrations of 4-AP but not by ChTX. We compared the protein expression of the Kv3.1b K ϩ channel subunit in whole lung homogenates from ϩ/ϩ and Ϫ/Ϫ mice. A 100-kDa band was detected in both ϩ/ϩ and Ϫ/Ϫ mouse lung homogenates. A faint 70-kDa band was also detected in both groups of lungs (data not shown), as well as in a positive control (mouse brain extract). The signals were extinguished when the blots were treated with antibody in the presence of blocking peptide. Both Kv3.1b proteins were slightly upregulated (21%) in the PKC-⑀-null mice (n ϭ 4 mice), suggesting a possible role for the K V channel in the blunted HPV (Fig. 7A) . To test whether greater differences might exist within the pulmonary vasculature, we also isolated PASMC from ϩ/ϩ and Ϫ/Ϫ mice and again compared the protein expression of the Kv3.1b K ϩ channel subunit between the two groups (Fig. 7B) . PASMC from ϩ/ϩ mice had a faint 100-kDa signal; a faint 70-kDa peptide was also variably detected although not seen in Fig. 7 . A more substantial increase in expression of both forms of the Kv3.1b protein was detected in Ϫ/Ϫ PASMC isolated at the same density. Quantitation of changes in the 100-kDa peptide showed a 125% increase over ϩ/ϩ PASMC. These bands were absent when probed in the presence of excess immunizing peptide. Three maximal hypoxic challenge values were averaged together to obtain a representative pressor response for each mouse. Maximal hypoxic pulmonary vasoreactivity was assessed after a 100 M dose of the nonselective nitric oxide synthase (NOS) inhibitor L-NNA. After the addition of L-NNA to the perfusate, the KCa channel blockers ChTX and apamin were added to the perfusate simultaneously and the response to 0% O2 was assessed again. *P Ͻ 0.05 compared with the difference in the initial ϩ/ϩ vs. Ϫ/Ϫ response; **P Ͻ 0.05 compared with the difference after L-NNA addition (n ϭ 3-5 mice). ϩ/ϩ at the 0.1 mM concentration; **P Ͻ 0.05 vs. ϩ/ϩ at the 1.0 mM concentration; ***P Ͻ 0.05 vs. ϩ/ϩ response to 0% O2.
DISCUSSION
Our studies showed that PKC-⑀ deletion decreases acute HPV in the mouse. We demonstrated that the blunted response of PKC-⑀-null mice to maximal and submaximal challenges of hypoxia in the isolated, perfused lung was not due to a generalized decrease in vasoconstriction. This observation agrees with the histology that showed no obvious differences in airway or vascular structure. A selective difference in HPV was demonstrated by contrasting the hypoxic responses with those induced by ANG II and increasing concentrations of KCl. Both the ANG II and KCl responses were preserved in the null mice.
PKC was previously shown to be an important signaling pathway in contractile responses in the systemic and pulmonary circulation (29, 35, 37) ; however, the contribution of individual isozymes of PKC has been unclear. The PKC-⑀ isozyme has been implicated in several responses including migration (20) , shear stress and ventricular stretch (40) , Golgi trafficking (9) , and growth and transformation (23, 42) . PKC-⑀ has been linked to contraction in the systemic circulation (19) , although there has been some controversy in this area (41) . Horowitz et al. (19) showed that in ferrets a constitutively active form of PKC-⑀ applied to single aortic SMC induced contraction that could be reversed with an inhibitory peptide. Using a knockout mouse approach, we have now shown that PKC-⑀ is important in the regulation of HPV. Although it is very unlikely, we acknowledge that the blunted HPV in PKC-⑀-null mice could be due to an as yet unidentified adaptive developmental response to the gene deletion rather than a direct consequence of the specific PKC-⑀ knockout. Against this possibility is the observation that expression levels of the other PKC isozymes were unchanged in the lungs of PKC-⑀ ϩ/ϩ and null mice. Our results are similar in this regard to the findings of Khasar et al. (22) in brain tissue from the same mice. In future studies we plan to extend the characterization of the PKC isozymes to isolated cells from ϩ/ϩ and Ϫ/Ϫ mice.
We have not explored how hypoxia activates PKC-⑀, but several factors (phosphatidylinositol 3-kinase, 3-phosphoinositide-dependent kinase) are likely involved (5) . PKC-⑀ is normally located in the nucleus and translocates to cross-striated structures and cellcell contact regions after stimulation (26) . Elaborate PKC-⑀ signaling complexes have recently been identified in the heart that suggest ways in which hypoxic sensing mechanisms, PKC-⑀, and contractile proteins could interact (32) .
Our findings suggest that deletion of PKC-⑀ may be protective against the development of pulmonary hypertension. In contrast to our results in the lung, several studies have shown that activation of PKC-⑀ is important in protection of cardiac myocytes from ischemic/hypoxic injury (6, 32) . Thus the role of PKC-⑀ in adaptive responses to hypoxia may be tissue specific.
Our studies support the idea that K ϩ channels play a key role in the regulation of HPV. K ϩ channel activity was previously implicated in the regulation of HPV and vascular tone. Several types of K ϩ channels have been reported in PASMC that modulate vascular tone, including K Ca and delayed-rectifier K V channels (2, 3, 8, 17) . Post et al. (33) suggested that K ϩ channels are inhibited by acute hypoxia in isolated canine PASMC; this inhibition was unique to the pulmonary circulation, because a similar sensitivity to hypoxia could not be demonstrated in canine renal artery cells. Because extracellular K ϩ concentration restored the cumula- tive pressor response of the PKC-⑀-null mice, it suggested that the blunted HPV in the null mice could involve K ϩ channel activation. We demonstrated that blocking delayed-rectifier K V channels with 4-AP restored the HPV response of the PKC-⑀ Ϫ/Ϫ mice to beyond that of their ϩ/ϩ counterparts. Delayed-rectifier K V channels have been shown to be important in the regulation of the HPV response. Sweeney and Yuan (39) suggest that acute hypoxia inhibits K V channels selectively and induces membrane depolarization in PASMC. Membrane depolarization causes voltage-dependent Ca 2ϩ channels to open and allows Ca 2ϩ influx that causes contraction in the SMC. Previous studies in other experimental models including rats and dogs reported that the delayedrectifier K V channel blocker 4-AP causes vasoconstriction under normoxic conditions (2, 17) . Barman (2) reported that in isolated canine lungs, pharmacological activation of PKC with phorbol myristate acetate and thymeleatoxin caused pulmonary vasoconstriction; the effect was potentiated by 4-AP.
We found that expression of the Kv3.1b channel was slightly increased in lungs from PKC-⑀ Ϫ/Ϫ mice compared with ϩ/ϩ controls. We then isolated PASMC from PKC-⑀ ϩ/ϩ and null mice and found that both the glycosylated (100 kDa) and core (70 kDa) forms of the protein were more substantially upregulated in the PKC-⑀-null SMC. This suggested that the Kv3.1b channel may play a role in the blunted HPV response of the PKC-⑀-null mice. Although we have not directly proven that activation of PKC-⑀ negatively regulates the expression of Kv3.1b, a link is strongly suggested. We focused on Kv3.1b because 1) it is O 2 sensitive and thought to be important in HPV (30, 48) ; 2) it is expressed in the pulmonary vasculature (8) , and 3) it is susceptible to inhibition by 4-AP but not by ChTX.
K V channels are tetramers made of two subunits. The ␣-subunits are the pore-forming portion, whereas the ␤-subunits perform a regulatory function (39) . There are many candidates that could form O 2 -sensitive channels (48). Osipenko et al. (30) suggest that there is a potential role for the Kv3.1b channel as an O 2 sensor in PASMC. Hypoxia was shown to inhibit the Kv3.1b channel in PASMC but did not cause complete depolarization of the cells alone. Osipenko et al. suggested that the Kv3.1b channel amplifies a primary response to hypoxia. Archer et al. (1) showed that PASMC contain numerous types of Kv channels from the Kv1 and Kv2 families, and Kv1.5 and Kv2.1 may play a role in the HPV response as well. We have not yet studied the effects of chronic hypoxia on the expression of the Kv3.1b channel in ϩ/ϩ or Ϫ/Ϫ mice; however, this is an interesting future direction to pursue.
We also tested the possibility that K Ca channel activation may be involved in the blunted HPV response of the PKC-⑀-null mice. Inhibition of the K Ca channels did not reverse the response of the null mice. The K Ca channel blockers appeared to both enhance the ϩ/ϩ HPV response and further attenuate the response of the null mice. The significance of the slight further attenuation of HPV in the PKC-⑀-null mice is not clear.
These results are different than those reported by Carter et al. (3) in a rat model of hepatopulmonary syndrome with impaired arterial oxygenation. Their cirrhotic rats had a blunted HPV response that was not dependent solely on elevated NO and decreased ET-1 levels. They reported that the blockade of K Ca channels with ChTX and apamin normalized the response between sham-injured and cirrhotic rats, suggesting an important role for K Ca channels in their model.
NO plays a central role in the regulation of vascular tone. NOS is the enzyme responsible for the production of NO, and three isoforms have been described (endothelial, inducible, and neuronal). Expression of endothelial and inducible NOS isoforms is increased in chronic hypoxic pulmonary hypertension (24) . These two isoforms have also been implicated in modulating pulmonary vascular tone. However, the attenuated HPV in PKC-⑀ Ϫ/Ϫ mice was not reversed by a nonselective NOS inhibitor in our model, suggesting that differences in NOS activity could not account for the result. L-NNA did augment the acute HPV response of the ϩ/ϩ mice, confirming that the isolated ϩ/ϩ mouse lungs behaved as others have described (16) . Interestingly, macrophages from PKC-⑀-null mice have an attenuated response to LPS and interferon with decreased generation of NO. Macrophages from these null mice failed to induce NOS expression (4). However, Fagan et al. (16) showed that endothelial NOSderived NO is the major mediator of vasodilation in the murine pulmonary circulation.
In summary, we have found that the isolated lungs from PKC-⑀-null mice have blunted acute HPV. The NOS inhibitor L-NNA and the K Ca channel inhibitors ChTX and apamin did not reverse the blunted HPV of the PKC-⑀-null mice. In contrast, the delayed rectifying K V channel blocker 4-AP potentiated the hypoxic response of the Ϫ/Ϫ mice compared with ϩ/ϩ controls. This observation suggests that the blunted hypoxic pressor response of the Ϫ/Ϫ mice may be the result of increased K V channel expression and/or activity and membrane hyperpolarization. Our findings of increased Kv3.1b protein expression in PKC-⑀-null PASMC supports this concept. Thus increased expression of K V channels likely contributes to the decreased HPV observed in the PKC-⑀ Ϫ/Ϫ mouse. Further investigation of K V channel subunit interactions is clearly needed, because Kv3.1b is only part of a complex sensing system that transduces hypoxic signals (48) .
